DENERVATION (sciatic neurectomy) causes numerous changes in contractile, electrical, metabolic, and molecular properties of the muscle fiber membrane and sarcoplasm in hindlimb skeletal muscles (6, 10) . Previous studies (21, 22, 32) have shown evidence that denervation alters interstitial spaces between muscle fibers: mononucleated cells are infiltrated into interstitial spaces of muscle fibers, and fibrosis occasionally occurs in the muscle. These findings suggest that the interaction between muscle fiber membrane and infiltrated cells might play an important role in degeneration or regeneration of denervated skeletal muscle. However, information on the interaction between the muscle fiber membrane and infiltrated cells is very little.
To address this issue, we previously examined the expression of ϳ26,000 genes in rat gastrocnemius muscle atrophied by denervation or spaceflight using an Affymetrix DNA microarray analytical system (25) . We found that both conditions remarkably increased the expression of osteoactivin, a functionally unknown type I membrane glycoprotein, in skeletal muscle. Besides being an EST gene (AA818039), the osteoactivin gene was only a transcript, whose expression was upregulated more than eightfold by spaceflight and denervation (25) .
Osteoactivin is a rat homolog of Gpnmb family, which was originally reported to be highly expressed in human melanoma cells (36) . Recently, osteoactivin transcripts have been reported to increase in various diseases associated with fibrosis, such as osteopetrosis and liver cirrhosis (26, 30) . Osteoactivin has several interesting binding motifs for extracellular matrix proteins: a heparin-binding motif and an RGD motif for an integrin-binding site (33) . On the basis of these findings, we hypothesize that highly expressed osteoactivin might interact with infiltrated cells, such as fibroblasts, leading to the degeneration or regeneration of extracellular matrix in denervated skeletal muscle.
In this study, we examined pathophysiological roles of osteoactivin in the mouse skeletal muscle atrophied by denervation. Immunohistochemical analysis revealed that denervation increased the expression of osteoactivin in muscle fiber membrane, whereas matrix metalloproteinase 3 (MMP-3) and MMP-9 were highly expressed in neighboring fibroblasts. Overexpression of osteoactivin or treatment with its recombinant proteins increased collagen type I, MMP-3, and MMP-9 in mouse NIH-3T3 fibroblasts, but not in mouse C 2 C 12 myoblasts. Moreover, these matrix-related genes were more expressed in fibroblasts infiltrated into denervated skeletal muscles of osteoactivin-transgenic mice, compared with those in wild-type mice. Our present results suggest that the interaction between osteoactivin and fibroblasts stimulates expression of these matrix proteins and that osteoactivin is a key protein for regulating fibroblast functions in the skeletal muscle atrophied by denervation.
MATERIALS AND METHODS
Denervation and tail suspension. Adult male (C57BL/6xDBA/2) F1 (BDF1) mice (ϳ9 wk old), weighing 18 -22 g, were purchased from Japan SLC (Shizuoka, Japan). The mice were housed in a room maintained at 23 Ϯ 2°C on a 12:12-h light-dark cycle and allowed free access to food and water. All protocols were performed according to the Guide for the Care and Use of Laboratory Animals at The University of Tokushima. The experiments performed in this study were approved by the Animal Care and Use Committee of the University of Tokushima School of Medicine.
For the denervation procedure, the dorsal skin of the right thigh was cut and the posterior muscles were divided to show the sciatic nerve. Chronic denervation was caused by removal of a sciatic nerve section of 5 mm in length (23) . In the tail suspension procedure, a piece of tape was attached on the tail, and this tape was connected to a swivel tied to a horizontal bar at the top of the cage (37) . Control animals were prepared in a parallel procedure. The hindlimb skeletal muscles, such as gastrocnemius, soleus, and tibialis anterior muscles, were isolated at the indicated times. After the wet weight was measured, the skeletal muscles were immediately frozen in chilled isopentane and liquid nitrogen and were stored at Ϫ80°C until analysis.
Cell culture. Mouse myoblastic C 2C12 cells were purchased from Dainippon Pharmaceutical (Osaka, Japan). Mouse fibroblastic NIH-3T3 cells were a kind gift from Dr. N. Harada of The University of Tokushima School of Medicine, Tokushima, Japan. The cells were maintained and proliferated at 37°C with 5% CO 2-95% air in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. The first to third passages of cells from the purchased ones were used for the following experiments.
To examine the effects of growth factors on osteoactivin expression, C2C12 cells were treated with 5 ng/ml recombinant human basic fibroblast growth factor (bFGF) (Kaken Pharmaceutical, Tokyo, Japan) in the absence or presence of 300 g/ml heparin (Sigma, St. Louis, MO), 25 ng/ml platelet-derived growth factor (PDGF) purified from human platelets (Sigma), and 2.5-12.5 ng/ml recombinant human MMP-3 (Sigma), respectively.
Transfection of osteoactivin. We constructed an expression vector for V5/His-tagged mouse osteoactivin by using reverse transcriptionpolymerase chain reaction (RT-PCR) and cloning techniques as described previously (4, 13) . Total RNA was extracted from NIH-3T3 cells with an acid guanidinium thiocyanate-phenol-chloroform mixture (Isogen; Nippon Gene, Tokyo, Japan) according to the standard protocol (5) . First-strand cDNAs were reverse transcribed at 37°C for 50 min from 1 g of the extracted total RNA with oligo-dT15 primer and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). After the initial denaturation at 94°C for 2 min, second-strand synthesis and DNA amplification with Pfx DNA polymerase (Invitrogen) and the osteoactivin primer set (5Ј-CACCATGGAAAGTCTCT-GCGGGGTC-3Ј and 5Ј-GAGTGTCCTTGGCTTGTCCTGGAGC-3Ј) were accomplished through 30 cycles of the following incubations: 15 s at 94°C, 30 s at 60°C, 90 s at 68°C, with the use of a thermal cycler (MJ Research, Watertown, MA). The PCR products were sequenced and cloned into an expression vector pcDNA3.1/V5-His (Invitrogen). For overexpression of osteoactivin in vitro, NIH-3T3 or C2C12 cells were transfected with 2 g/60-mm dish of the purified plasmid containing osteoactivin (pcDNA3.1/V5-His-tagged osteoactivin) by using FuGene6 (Roche Diagnostics, Mannheim, Germany), according to the method of Hellgren et al. (12) .
Generation of osteoactivin-transgenic mice. To express osteoactivin effectively in vivo, the BamHI/PmeI fragment of pcDNA3.1/V5-His-tagged osteoactivin was subcloned into an expression vector containing the cytomegalovirus immediate early enhancer chicken ␤-globin hybrid promoter (31) . It provided a transgene cassette composed of the cytomegalovirus promoter and rabbit ␤-globin exons 2 and 3 linked to V5-His-tagged osteoactivin cDNA. The V5-Histagged rat osteoactivin cDNA construct was injected into fertilized BDF1 eggs for the production of transgenic mice (Japan SLC). After the most expressed osteoactivin transgenics were back-crossed into BDF1 mice, three strains of heterozygous transgenic mice were generated. Expression of osteoactivin was determined by RT-PCR for osteoactivin and immunobotting for V5 as described below. We maintained the mice under specific pathogen-free conditions, and some of them at 6 -12 wk of age were used for experiments.
Treatment with recombinant osteoactivin protein. cDNA encoding mouse osteoactivin (AA22-355) truncated the transmembrane domain was amplified by RT-PCR with the following primer set: 5Ј-TC-CATAAGATTAGCGGATCCTACCTG-3Ј and 5Ј-TCAGACCGCT-TCTGCGTTCTGATTTA-3Ј. The cDNA product was cloned into pBAD/myc-His vector (Invitrogen). The recombinant protein was produced in Escherichia coli and purified with a Ni-NTA resin agarose (Invitrogen), according to the standard protocol (29) . NIH-3T3 cells with 60% of confluence were treated with 25 nM (final concentration) of the recombinant osteoactivin or LacZ (control) and cultured for the indicated times. In some experiments, 100 M RGDS peptide, an integrin inhibitor (Sigma), or 300 g/ml heparin was simultaneously added to NIH-3T3 cells. After being washed with phosphate-buffered saline (PBS), cells were suspended in 50 mM Tris ⅐ HCl buffer, pH 7.5, containing 150 mM NaCl, 1% Triton X-100, and 1 tablet of 25-ml protease inhibitor cocktails (Roche Diagnostics).
Preparation of an anti-osteoactivin antibody. Because an antiosteoactivin antibody was not commercially available, an antiserum against recombinant mouse osteoactivin peptide (AA527-575) fused to glutathione-S-transferase (GST) was raised in rabbits. Briefly, the GST-fused osteoactivin peptide was expressed in E. coli and purified as described previously (34) . Each of two rabbits was immunized with 300 g of the purified GST-fused osteoactivin peptide in Freund's complete adjuvant (1:1) and monthly boosted. Six months later, blood was collected from the central artery of the ear, and the IgG fraction of the antiserum was prepared by the method of Steinbuch and Audran (35) . We further subjected the IgG fraction to affinity column chromatography with HiTrap NHS (Amersham Biosciences, Piscataway, NJ) conjugated with the recombinant osteoactivin peptide (AA527-575). The bound antibody was eluted with 1 mM HCl, immediately neutralized, and stored at 4°C.
Immunoblot analysis. Immunoblot analysis was performed as described previously (13) . The whole cell and skeletal muscle extracts (40 g protein/lane) were subjected to SDS-6, 8, 10, or 12% PAGE and transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 4% skim milk and then incubated with primary antibodies for 1 h at 25°C. The primary antibodies used for the analysis were as follows: polyclonal anti-osteoactivin, polyclonal anti-MMP-2 (Sigma), monoclonal anti-MMP-3 (R&D Systems, Minneapolis, MN), polyclonal anti-MMP-9 (Sigma), polyclonal anticollagen type I (Santa Cruz Biotechnology), monoclonal anti-V5 (Invitrogen), or anti-␤-actin antibody (Oncogene Research Products, San Diego, CA). The bound antibodies were detected with the use of the suitable secondary antibodies and the enhanced chemiluminescence system (Amersham Biosciences). Signals were quantitated by densitometric analysis. We used ␤-actin as an internal standard protein because the denervation did not change the amount of ␤-actin. Protein concentrations were determined by Lowry's method with bovine serum albumin as a standard (19) .
Histochemical analysis. To examine the localization of osteoactivin or MMP-3 in the denervated gastrocnemius muscle, immunohistochemical analysis was performed. Sections (5 m) were fixed in ice-cold acetone for 10 min. After being rinsed with PBS three times, the sections were incubated with a 1:100 dilution of monoclonal anti-mouse MMP-3 antibody or polyclonal anti-mouse MMP-9 antibody (Sigma) and a 1:40 dilution of polyclonal anti-osteoactivin antibody at 4°C for 18 h. After being washed with PBS, the sections were incubated with a 1:600 dilution of secondary Alexa 488-conjugated anti-mouse IgG (Molecular Probes, Eugene, OR) and Alexa 568-conjugated anti-rabbit IgG (Molecular Probes) for 1 h at room temperature in the dark. For detection of vimentin, the fixed sections were incubated with a 1:200 dilution of monoclonal anti-human vimentin antibody labeled with Cy3 (Sigma) at 4°C for 18 h. In some cases, the sections were further incubated with a 1:1,000 dilution of Hoechst-33342 (Dojindo, Kumamoto, Japan) for 10 min at room temperature in the dark after being washed. The samples were then rinsed with PBS three times and treated with Vectashield (Vector Laboratories, Burlingame, CA). Target proteins were detected and visualized with fluorescence microscopy. The sections were counterstained with hematoxylin and eosin (HE). The cross-sectional area of myofibers was measured with the use of WinRoof software (version 5, Mitani, Fukui, Japan).
Semiquantitative or real-time RT-PCR. To measure the level of mRNA, semiquantitative RT-PCR was performed as described previously (13) . After the synthesis of first-strand cDNAs from mRNAs, second strand synthesis and amplification of target genes were performed as described above. In this case, the PCR buffer contained two sets of primers to amplify the target gene cDNA and the internal standard glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA simultaneously. The sense and antisense primers used in this study are shown in Table 1 . The amplification was terminated 15 min later at 72°C when PCR products were linearly amplified. The PCR products were separated by electrophoresis in an 8% PAGE and detected with a highly sensitive nucleic acid staining reagent (TaKaRa, Tokyo, Japan). The staining intensities of the target bands and internal standard gene cDNAs were estimated with an image analyzer (FMBIO II, TaKaRa), and the intensity ratio of a target gene cDNA to the internal standard gene cDNA was calculated. We used GAPDH as an internal standard gene because the denervation did not change the level of GAPDH mRNA (data not shown).
To confirm the results from the semiquantitative RT-PCR, we performed real-time RT-PCR with the same primers ( Table 1) and SYBR Green dye by using a real-time PCR system (model ABI 7300, Applied Biosystems, Foster City, CA) according to the manufacturer's instruction. First-strand cDNAs were reverse transcribed at 42°C for 60 min and 95°C for 5 min from 1 g of the extracted total RNA with Moloney murine leukemia virus reverse transcriptase (Promega) and primers (oligo-dT15 primer:random nonamer ϭ 1:10). The reaction mixture containing reverse-transcribed cDNAs was preheated for 2 min at 50°C and for 10 min at 95°C to activate Taq polymerase. A 40-cycle two-step PCR was performed, consisting of 15 s at 95°C and 1 min at 60°C. The amount of target mRNA was calculated from the fractional cycle number at which the reporter fluorescence reaches a certain level. The ratio of the amounts of target mRNA to the internal standard GAPDH mRNA was shown as an arbitrary unit. Samples were amplified simultaneously in triplicate in one assay run.
Statistical analysis. All data were statistically evaluated by ANOVA with SPSS software (version 6.1; SPSS, Tokyo, Japan) and were expressed as means Ϯ SD, n ϭ 3-6. One-way ANOVA was used to determine the significant effects of denervation or osteoactivin on the measured variables. Individual differences between groups were assessed with Duncan's multiple-range test. Differences were considered significant at P Ͻ 0.05.
RESULTS
Denervation-stimulated expression of osteoactivin in mouse hindlimb skeletal muscles. Denervation and tail suspension for 16 days decreased the wet weight of the gastrocnemius muscle standardized by body weight to 58% and 88%, respectively, of that in the control mice (Fig. 1A) . Semiquantitative or real-time RT-PCR for osteoactivin also showed that denervation and tail suspension increased the expression of osteoactivin mRNA by 7.1-and 2.6-fold, respectively, correlated with the decrease in wet weight of the skeletal muscle (Fig. 1B) . This result was consistent with our previous results obtained by DNA microarray analysis for rat gastrocnemius muscle (25) .
We examined whether denervation caused distinct effects on osteoactivin expression in the hindlimb skeletal muscles. Denervation decreased the standardized wet weight of all tested hindlimb skeletal muscles to the similar extent (data not shown). The amounts of osteoactivin mRNA in the fast-type skeletal muscles, including gastrocnemius and tibialis anterior muscles, gradually increased after denervation and reached the peak value on day 10 ( Fig. 1C ). In contrast, the level of osteoactivin mRNA in the slow-type skeletal muscles, such as soleus muscle, was highest on day 5 and then gradually decreased (Fig. 1C) . Osteoactivin protein also accumulated in these hindlimb skeletal muscles after denervation (Fig. 1D) . The amount of accumulated osteoactivin in the soleus muscle was sustained at the higher level during unloading, whereas the accumulation of osteoactivin protein in the gastrocnemius and tibialis anterior muscles was transient.
Denervation-mediated expression of matrix-related genes. Because denervation has been reported to induce expression of matrix-related genes, including MMPs (16), we examined expression of MMPs in the gastrocnemius muscle of denervated mice. On day 10 after denervation, when osteoactivin protein reached the peak value, the amounts of MMP-2, -3, -9, and -14 transcripts were significantly increased in the muscle atrophied by denervation ( Fig. 2A) . Among them, the expression of MMP-3 mRNA was most significantly increased. Consistent with the increase in levels of MMP-3 and MMP-9 
AS, antisense; S, sense; MMP, matrix metalloproteinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. transcripts, denervation significantly accumulated the MMP-3 and MMP-9 proteins in gastrocnemius muscle (Fig. 2B) . Increase in MMP-3 proteins by denervation was bigger than that of MMP-9.
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Distinct expression of osteoactivin and matrix-related genes in denervated skeletal muscle. HE and Hoechst-33342 staining showed that denervation caused infiltration of mononucleated cells into the interstitial space of myofibers, whereas these cells Fig. 1 . Effects of denervation on osteoactivin expression in hindlimb skeletal muscles. A: mice (9 wk old) were subjected to 16-day denervation or tail suspension. Gastrocnemius muscle wet weight was measured after the denervation or tail suspension and was standardized by body weight. B: the amounts of osteoactivin and GAPDH transcripts were measured by semiquantitative RT-PCR. The intensity ratios of cDNA of osteoactivin to GAPDH were calculated. Similar results were obtained by real-time RT-PCR (data not shown). *P Ͻ 0.05, compared with control animals (A and B). C: mice (9 wk old) were subjected to denervation for the indicated period. Total RNA was extracted from the hindlimb skeletal muscles. Semiquantitative RT-PCR for osteoactivin and GAPDH were performed as described in MATE-RIALS AND METHODS. The intensity ratio of osteoactivin cDNA to GAPDH was calculated. Similar results were obtained by real-time RT-PCR (data not shown). D: proteins (40 g/lane) prepared from the hindlimb muscles of denervated mice were subjected to SDS-8% PAGE. Immunoblotting for osteoactivin and ␤-actin were performed. The intensity ratio of osteoactivin protein to ␤-actin was calculated. Values are are means Ϯ SD (n ϭ 4) for all experiments. *P Ͻ 0.05, compared with the value of control muscle (day 0) (C and D). were hardly observed in the gastrocnemius muscle of tailsuspended or control mice (Fig. 3A) . Because these cells were stained with an anti-vimentin antibody (Fig. 3A) , they were fibroblast-like cells as reported previously (18) .
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We also confirmed the location of osteoactivin and MMP-3 in the gastrocnemius muscle atrophied by denervation. Mouse gastrocnemius muscle without denervation expressed very little osteoactivin or MMP-3. Interestingly, the location of MMP-3 in the denervated skeletal muscle was different from that of osteoactivin. The fibroblast-like cells were positively stained with an anti-MMP-3 antibody, whereas osteoactivin was highly expressed in the sarcolemma of myofibers adjacent to the fibroblast-like cells (Fig. 3B) . In the denervated gastrocnemius muscle, the location of MMP-9 was similar to that of MMP-3 (data not shown).
Effects of growth factors on expression of osteoactivin protein in C 2 C 12 cells. Our anti-mouse osteoactivin antibody detected two bands of ϳ68-and 98-kDa molecular masses, which corresponded to nonglycosylated and glycosylated osteoactivins, respectively (28), in immunoblot analysis (Fig.  4A) . Because only glycosylated osteoactivin responded to denervation and treatment with bFGF or PDGF, we showed the immunoblotting results of glycosylated osteoactivin below.
To examine which factors trigger expression of osteoactivin in denervated skeletal muscle, we administered bFGF and PDGF, whose expression in skeletal muscle has been reported to be upregulated by denervation (11, 27) to C 2 C 12 myoblastic cells. bFGF and PDGF significantly increased the amount of osteoactivin protein in C 2 C 12 cells (Fig. 4B) . Heparin, which is known to inhibit bFGF-stimulated gene expression (24) , inhibited expression of osteoactivin protein induced by bFGF (Fig. 4C) .
Involvement of osteoactivin in expression of collagen type I, MMP-3, and MMP-9 in fibroblasts.
To elucidate the involvement of osteoactivin in high expression of matrix-related genes in denervated skeletal muscle, we overexpressed osteoactivin in mouse C 2 C 12 myoblastic cells. We did not detect any increase in MMP expression in osteoactivin-overexpressing C 2 C 12 cells (Fig. 5A) . In addition to myoblastic cells, we transfected osteoactivin into various cells types (data not shown), such as mouse MC3T3-E1 osteoblast-like cells and NIH-3T3 fibroblasts. Only overexpression of osteoactivin in NIH-3T3 cells significantly induced expression of MMP-3 (Fig. 5A) . In this case, osteoactivin did not increase the amount of collagen type I, MMP-2, or MMP-9 protein (Fig. 5A) .
To deny the possibility that overexpression of osteoactivin might artificially increase the amount of MMP-3 transcripts in fibroblasts, we treated NIH-3T3 cells with recombinant mouse osteoactivin. Recombinant osteoactivin significantly increased concentrations of collagen type I and MMP-9 as well as MMP-3 in NIH-3T3 cells, compared with the cells treated with LacZ control protein (Fig. 5B) . Consistent with the result of overexpression of osteoactivin, treatment with recombinant osteoactivin did not change expression of any tested genes in C 2 C 12 cells (data not shown). Treatment with recombinant human MMP-3 did not increase the amount of osteoactivin protein in C 2 C 12 cells (Fig. 5B) , indicating that denervationmediated expression of osteoactivin in muscle was not due to MMP-3 derived from fibroblasts.
Osteoactivin has two binding motifs, heparin-binding and integrin-binding motifs, in the extracellular domain (33) . When two potential inhibitors for these binding motifs, heparin and RGDS peptide, were added to NIH-3T3 cells treated with recombinant osteoactivin, the former prevented osteoactivinmediated expression of MMP-3, but the latter did not (Fig. 5C ). Heparin also decreased levels of collagen type I and MMP-9 in NIH-3T3 cells treated with recombinant osteoactivin (data not shown). Simultaneous treatment with heparin and LacZ (control protein) did not affect the amount of MMP-3 protein (data not shown).
Involvement of osteoactivin in expression of MMP-3 and MMP-9 in Schwann cells. Rich et al. (28) have recently demonstrated that osteoactivin was involved in expression of
MMPs in human glioma cells. We also observed the nerve with Wallerian degeneration in the denervated skeletal muscle. Denervation caused axon and myelin breakdown in the distal neuronal segment and induced expression of osteoactivin, MMP-3, and MMP-9 in the segment (Fig. 6 , and data not shown). MMP-3 and MMP-9 were highly expressed in neural cells of the segment. In contrast, denervation induced osteoactivin in Schwann-like cells (Fig. 6 ), which were stained with an anti-S-100 antibody (data not shown).
Fig. 2. Effects of denervation on expression of matrix metalloproteinases (MMPs) in mouse gastrocnemius muscle.
A: mice (9 wk old) were subjected to denervation and euthanized on day 10. Control mice that underwent sham operations were prepared in parallel. The amounts of osteoactivin, MMP-2, -3, -9, and -14, or GAPDH in total RNA extracted from the gastrocnemius muscles, were quantified by using semiquantitative or real-time RT-PCR, as described in MATERIALS AND METHODS. The intensity ratio of osteoactivin cDNA to GAPDH in each group was calculated and compared with the value of control group. B: mice were subjected to denervation and then euthanized on day 10. Control mice that underwent sham operations were prepared in parallel. The levels of ␤-actin, MMP-3, and MMP-9 proteins were measured by immunoblot analysis. The intensity ratio of osteoactivin protein to ␤-actin was calculated and compared with the value of control group. Values are means Ϯ SD (n ϭ 4). *P Ͻ 0.05, compared with the value of control animals.
Overexpression of osteoactivin in vivo enhanced denervation-mediated expression of MMP-3 in skeletal muscle.
To define the role of osteoactivin in vivo, we created three strains of heterozygous osteoactivin-transgenic mice. Exogenous osteoactivin was confirmed to be overexpressed in gastrocnemius muscle by semiquantitative RT-PCR for osteoactivin and immunoblotting with an anti-V5 antibody (Fig. 7, A and B) . Osteoactivin-transgenic mice showed no apparent abnormality (data not shown), and overexpression of osteoactivin did not change the expression of matrix-related genes, including MMP-3 in skeletal muscle at the mRNA and protein levels (Fig. 7, A and B) . Interestingly, in osteoactivin-transgenic mice, denervation further enhanced expression of MMP-3 in gastrocnemius muscle, compared with wild-type mice (Fig. 7,  A and B) . In gastrocnemius muscle of osteoactivin-transgenic mice, the expression pattern of MMP-9 was similar to that of MMP-3 (data not shown).
Denervation decreased wet weights of gastrocnemius and soleus muscles in wild-type and osteoactivin-transgenic mice (Fig. 7C) . However, the muscle wet weights in osteoactivintransgenic mice were significantly bigger than those in wildtype mice on day 20 (Fig. 7C) . The cross-sectional area of gastrocnemius muscle fibers in denervated mice was not changed by overexpression of osteoactivin (Fig. 7D) : the cross-sectional areas of gastrocnemius muscle fibers in wildtype and osteoactivin-transgenic mice after 16-day denervation were 990 Ϯ 45 and 973 Ϯ 53 m 2 , respectively. Immunohistochemical analysis of MMP-3 revealed that myofibroblasts in denervated gastrocnemius muscle of transgenic mice expressed MMP-3 protein more abundantly than those in wild-type mice (Fig. 7D) .
Recently, several ubiquitin ligases, such as atrogin-1 (MAFbx-1) and MuRF-1, have been reported to be responsible for denervation-mediated muscle atrophy (1) . To further elucidate the effects of osteoactivin on muscle proteolysis caused by denervation, we measured amounts of atrogin-1 transcripts in gastrocnemius muscle of denervated osteoactivin-transgenic mice. Denervation stimulated expression of atrogin-1 in gas- Fig. 3 . Immunohistochemical analysis of MMP-3 and osteoactivin in skeletal muscle of denervated mice. A: sections (5 m) from the gastrocnemius muscle of 16-day denervated (n ϭ 4), 16-day tail-suspended (n ϭ 4), or control mice (n ϭ 4) were stained with hematoxylin and eosin (HE; top) or Hoechst-33342 (middle). The sections were also counterstained with an antibody against vimentin, a fibroblast-specific protein (bottom). Similar results were obtained in three separate experiments. Scale ϭ 100 m. B: mice (9 wk old, n ϭ 4) were subjected to 16-day denervation four times. Control mice (n ϭ 4) without denervation were prepared in parallel. The sections (5 m) from the gastrocnemius muscle of control or denervated mice were stained with HE. The serial sections were immunostained with an anti-MMP-3 and anti-osteoactivin antibody, respectively. The images on fluorescence microscopy were merged on a personal computer. Similar results were obtained in four separate experiments, and the best results were exhibited as the representative. Scale ϭ 100 m.
trocnemius muscle of wild-type mice about fourfold (Fig. 7E) . However, overexpression of osteoactivin did not change the denervation-mediated expression of atrogin-1 (Fig. 7E) .
DISCUSSION
Denervation occasionally induced expression of MMPs, such as MMP-2 and MMP-9, in skeletal muscle (16) , although the molecular mechanism of the MMP expression caused by denervation is still unknown. The present study suggests a novel molecule for mediating the interaction between the muscle fibers and interstitial fibroblasts. Denervation induced the expression of osteoactivin in the sarcolemma of myofibers. Treatment with osteoactivin or its overexpression induced expression of matrix-related genes in fibroblasts, whereas MMP-3 did not change expression of osteoactivin in myoblasts. Our results suggest that denervation-induced osteoactivin in myofibers might function as an activator for fibroblasts to induce expression of collagen type I, MMP-3, and MMP-9.
To elucidate whether osteoactivin influences denervationinduced myolysis, we have measured the mass (wet weight and cross-sectional area) of hindlimb skeletal muscles and expression of atrogin-1, a muscle atrophy-related gene (1), in gastrocnemius muscle of osteoactivin-transgenic mice. In osteoactivin-transgenic mice, denervation significantly increased wet weights of gastrocnemius and soleus muscles compared with those in wild-type mice, whereas the cross-sectional area of gastrocnemius muscle was not changed. In addition, denervation significantly increased expression of atrogin-1, as described by Bodine et al. (1) . However, in vivo overexpression of osteoactivin did not affect this denervation-mediated induction of atrogin-1. These findings suggest that in vivo overexpression of osteoactivin might not change denervation-mediated muscle atrophy, but increase volumes of interstitial spaces between muscle fibers.
In osteoactivin-transgenic mice without denervation, high expression of matrix-related genes was not observed in hindlimb skeletal muscle. Only in denervated skeletal muscle did osteoactivin stimulate expression of MMP-3 in myofibroblasts. Denervation-mediated activation of myofibroblasts might be multistep reactions and require other factors, such as inducers for infiltration of fibroblasts into the skeletal muscles.
Treatment with recombinant osteoactivin increased the amounts of MMP-3, MMP-9, and collagen type I in NIH-3T3 fibroblasts. MMP-3 has been reported to regulate growth and development of tissues by selective degradation of insulin-like growth factor-I (IGF-1)/IGF-1-binding protein complexes (9) . Secreted MMP-9 is also involved in the migration and myotube formation of myoblastic cells (17) . Furthermore, targeted disruption of the MMP-3 gene in mice caused a delay in wound healing due to a failure in fibroblast contraction (2, 3) . Synthetic MMP inhibitors undergoing clinical trials had reversible musculoskeletal toxicity as the main side effect (14) . On the basis of these findings, an osteoactivin-mediated increase in MMPs in skeletal muscle might be useful for regeneration or degeneration in the denervated skeletal muscle, leading to compensation for the loss of muscle volume or protection of muscle fibers against injury after denervation.
Recombinant osteoactivin truncated the COOH-terminal domain (intracellular domain) was used in this study, because a full-length osteoactivin expressed in E. coli was quite insoluble Fig. 4 . Effects of basic fibroblast growth factor (bFGF) and platelet-derived growth factor (PDGF) on osteoactivin expression in C2C12 cells. A: whole cell lysates (40 g protein/lane) from mouse C2C12 myoblastic cells treated with vehicle (PBS) or 25 ng/ml PDGF for 24 h, and homogenate (40 g protein/ lane) of the gastrocnemius muscle prepared from denervated or nondenervated (control) mice were subjected to SDS-8% PAGE. Immunoblotting was performed as described in MATERIALS AND METHODS to check our antibody against recombinant mouse osteoactivin. Gastro, gastrocnemius muscle; MMSTD, molecular mass of standards. B: mouse C2C12 myoblastic cells of 60% confluence were treated with vehicle (PBS), 5 ng/ml of bFGF, or 25 ng/ml PDGF for 24 h. Lysates from C2C12 cells (40 g protein/lane) were subjected to SDS-8% PAGE. Immunoblotting for osteoactivin and ␤-actin were performed. The intensity ratio of osteoactivin protein to ␤-actin was calculated. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, compared with the value of vehicle-treated cells. C: mouse C2C12 myoblastic cells of 60% confluence were treated with 5 ng/ml of bFGF in the absence or presence of 300 g/ml heparin for 24 h. Lysates from C2C12 cells (40 g protein/lane) were subjected to SDS-8% PAGE. Immunoblotting for osteoactivin and ␤-actin was performed. The intensity ratio of osteoactivin protein to ␤-actin was calculated. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, compared with the value of bFGF-treated cells. (data not shown). In addition, overexpression of the truncated osteoactivin had effects on fibroblasts similar to those of full-length osteoactivin (data not shown). Therefore, we focused on the extracellular domain of osteoactivin as a functional site. Osteoactivin has two functional motifs in the extracellular domain: a heparin-binding motif and an RGD motif for an integrin-binding site (33) . In fibroblasts treated with recombinant osteoactivin, an integrin inhibitor did not suppress expression of collagen type I, MMP-3, or MMP-9, whereas heparin significantly canceled osteoactivin-mediated expression of these proteins. These findings strongly suggest that osteoactivin affects fibroblasts via a heparin-binding motif, but not via an integrin-binding motif. Fibroblasts highly expressing heparan sulfate proteoglycans have been reported to be proliferated near denervated synaptic sites in the skeletal muscle (10) . The interaction between osteoactivin in myocytes and heparan sulfate proteoglycan on the surface of infiltrated fibroblasts might play an important role in regulating functions of fibroblasts in the interstitial spaces of the denervated skeletal muscle. Identifying a proteoglycan (receptor) specifically binding to osteoactivin is the next and ongoing important subject.
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Because osteoactivin has been reported to be involved in expression of MMPs in human glioma cells (28), we also examined the expression of osteoactivin and MMPs in neurectomized neurons. Osteoactivin was overexpressed in Schwannlike cells in neurons with Wallerian degeneration, whereas MMP-3 and MMP-9 were present in neuronal cells in the neurectomized sciatic nerve. In neurons, osteoactivin expressed in Schwann-like cells might induce expression of MMP-3 in neuronal cells. Upregulation of MMPs, such as MMP-2 and MMP-9, during denervation has been reported to enable axonal regrowth by removal of inhibitory factors from the basal lamina of Schwann cells (8) . Therefore, it is likely that in the nerve system, osteoactivin might function as an activator for connective cells and facilitate the regeneration of neurons by secretion of MMP-3 and MMP-9 from axons in the vicinity of Schwann cells.
Expression of osteoactivin has been reported to be upregulated in osteoblasts of rats with osteopetrosis or in hepatocytes of rats with liver cirrhosis. However, the factors that trigger expression of osteoactivin are little known. In skeletal muscles and neurons during denervation, the expression of bFGF and PDGF has been reported to be upregulated (11, 27) . In this study, we found that bFGF and PDGF significantly induced expression of osteoactivin in skeletal muscle cells. Heparin, an antagonist of bFGF, significantly inhibited bFGF-mediated expression of osteo- Fig. 5 . Effects of overexpression or treatment of osteoactivin on MMPs and collagen type I in C2C12 myoblasts or NIH-3T3 fibroblasts. A: C2C12 or NIH-3T3 cells were transfected with a mock vector (pcDNA 3.1V5/His) or the purified plasmid containing V5-tagged full-length mouse osteoactivin. After 48-h culturing, the amounts of collagen type I, osteoactivin, ␤-actin, and MMP-2, -3, and -9 proteins in these transfected cells were estimated by immunoblotting with respective antibodies. Only osteoactivin was detected by immunoblotting with an anti-V5 antibody. Similar results were obtained in 3 separate experiments. B: recombinant LacZ or mouse COOH-terminal-truncated osteoactivin was purified as described in MATERIALS AND METHODS. NIH-3T3 cells (60% of confluence) were treated with 25 nM of the purified recombinant LacZ or osteoactivin for 24 h. In contrast, C2C12 cells were treated with recombinant human MMP-3 at the indicated concentration for 24 h. Whole cell extracts (40 g protein/lane) were subjected to immunoblot analysis for collagen type I, ␤-actin, osteoactivin, MMP-2, MMP-3, and MMP-9. The intensity ratios of interest proteins to ␤-actin were calculated, and the value of cells treated with LacZ was shown as one arbitrary unit. The data are means Ϯ SD (n ϭ 4). *P Ͻ 0.05, compared with the value of control treatment. C: NIH-3T3 cells were also treated with vehicle, 100 M RGDS peptide, or 300 g/ml heparin, in addition to 25 nM recombinant COOHterminal-truncated osteoactivin. After 24-h culturing, whole cell extracts (40 g protein/lane) were subjected to immunoblot analysis for MMP-3. The intensity ratio of MMP-3 protein to ␤-actin was calculated. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, compared with the value of osteoactivin treatment.
activin protein, strongly suggesting that in denervated skeletal muscle, expression of osteoactivin might be regulated by these denervation-derived growth factors, especially bFGF. These results were supported by the study of Dell'Era et al. (7) that in macroarray analysis of bFGF-transformed endothelial cells, expression of osteoactivin was remarkably upregulated. Recently, it has been reported that in the liver of bFGF-deficient mice, liver fibrosis caused by exposure to Fig. 6 . Immunohistochemical analysis of MMP-3 and osteoactivin in neurectomized neurons. Mice (9 wk old, n ϭ 4) were subjected to 16-day denervation four times. Control mice (9 wk old, n ϭ 4) without denervation were prepared in parallel. The sections (5 m) from the neuron in gastrocnemius muscle of control or denervated mice were stained with HE or Hoechst-33342. The serial sections were immunostained with an anti-MMP-3 and anti-osteoactivin antibody, respectively. The images obtained using fluorescence microscopy were merged on a personal computer. Similar results were obtained in four separate experiments, and the best results were exhibited as the representative. Scale ϭ 100 m. Fig. 7 . Effect of denervation on MMP-3 expression in hindlimb skeletal muscles of osteoactivin-transgenic mice. A: wild-type (wild) or osteoactivin-transgenic (Tg) mice (9 wk old) were subjected to 16-day denervation (Denerv). Control mice that underwent sham operations were prepared in parallel. Total RNA was extracted from the gastrocnemius muscle. Semiquantitative RT-PCR for osteoactivin and GAPDH were performed as described in MATERIALS AND METHODS. Similar results were obtained by real-time RT-PCR (data not shown). B: proteins (40 g/lane) prepared from the gastrocnemius muscles of denervated or control mice were subjected to SDS-8% PAGE. Immunoblotting for MMP-3, V5/His-tagged osteoactivin, and ␤-actin were performed. Similar results were obtained in four separate experiments. C: wild-type and osteoactivin-transgenic mice were subjected to denervation. Wet muscle weight per kilogram body weight in denervated animals at the indicated times was expressed as a percentage weight reduction relative to control animals. The results are shown as means Ϯ SD (n ϭ 5). *P Ͻ 0.05, compared with the values of wild-type mice. D: section (5 m) from the gastrocnemius muscle of 16-day denervated wild-type (n ϭ 3) or osteoactivin-transgenic mice (n ϭ 3) were stained with an antibody against MMP-3. The sections were also counterstained with HE. Similar results were obtained in 3 separate experiments, and the best results were exhibited as the representative. Scale ϭ 100 m. E: total RNA was extracted from the gastrocnemius muscle of 16-day denervated (n ϭ 3) or control mice (n ϭ 3). Real-time RT-PCR for atrogin-1 was performed as described in MATERIALS AND METHODS. The ratio of atrogin-1 to GAPDH was calculated and compared with the value of wild-type mice. Values are means Ϯ SD (n ϭ 3). *P Ͻ 0.05, compared with the value of wild-type mice. ajpcell.physiology.org chronic carbon tetrachloride was remarkably decreased (38) . Osteoactivin might play an important role in fibrosis in such diseases. Further examinations are required to elucidate this hypothesis.
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In general, unloading, such as spaceflight, tail suspension, and denervation, preferentially affects slow-twitch skeletal muscles more than fast-twitch skeletal muscles. For example, the regulation of skeletal muscle genes by denervation contrasted between the two types of skeletal muscles, although denervation caused an increase in UCP3 mRNA levels in both types of muscles (15) . Denervation also caused slow to fast transformation in rat soleus muscle (20) . Our present finding that soleus muscle sustained a much prolonged increase in the level of osteoactivin, compared with gastrocnemius muscle, was consistent with these previous reports, although the detailed mechanism of distinct osteoactivin expression in soleus and gastrocnemius muscles are unknown at this present. However, histochemical analysis of osteoactivin in soleus muscle showed a pattern similar to that in gastrocnemius muscle, except for the expression period (data not shown), indicating that osteoactivin expressed in soleus and gastrocnemius muscle has similar physiological roles.
This study provides the first evidence that osteoactivin is a novel activator of fibroblasts in denervated skeletal muscle. Development of agents for regulating the osteoactivin function is ongoing and will be an important step to further elucidate the physiological function of fibroblasts for regeneration or degeneration in extracellular matrix after denervation.
